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Phase transitions in conﬁned water nanoﬁlms
Sungho Han1*, M. Y. Choi1,2, Pradeep Kumar3 and H. Eugene Stanley1
Bulk water has three phases: solid, liquid and vapour. In
addition to undergoing a phase transition (of the ﬁrst order)
between them, liquid and vapour can deform continuously
into each other without crossing a transition line—in other
words,thereisnointrinsicdistinctionbetweenthetwophases.
Hence,theﬁrst-orderlineoftheliquid–vapourphasetransition
should terminate at a critical point. In contrast, the ﬁrst-
order transition line between solid and liquid is believed to
persist indeﬁnitely without terminating at a critical point1.
In recent years, however, it was reported that inside carbon
nanotubes, freezing of water may occur continuously as well
as discontinuously through a ﬁrst-order phase transition2.
Here we present simulation results for water in a quasi-two-
dimensional hydrophobic nanopore slit, which are consistent
with the idea that water may freeze by means of both ﬁrst-
order and continuous phase transitions. Our results lead us
to hypothesize the existence of a connection point at which
ﬁrst-orderandcontinuoustransitionlinesmeet3,4.
It is widely believed that a solidliquid phase transition line does
not terminate at a critical point, although it has not been possible
to prove rigorously the non-existence of the solidliquid critical
point1.Ontheotherhand,afterthediscoveryofcarbonnanotubes5,
a solidliquid phase transition inside these structures has been
reported, together with the intriguing possibility of a solidliquid
critical point, presumably because of the constraints in packing
inside carbon nanotubes6. In recent years, therefore, there has been
a great deal of interest in the simulation report that freezing of
water inside carbon nanotubes may occur continuously as well as
discontinuouslythroughafirst-ordertransition2,6,7.
As for the solidliquid phase transition, two-dimensional
systems are of particular interest. According to the Mermin
Wagner theorem, continuous symmetry in two dimensions cannot
be broken at non-zero temperatures, which means that there
is no true long-ranged crystalline order in two-dimensional
systems8. However, this does not necessarily rule out the presence
of a phase transition; instead the KosterlitzThoulessHalperin
NelsonYoung (KTHNY) theory states that melting in two
dimensions may involve two continuous transitions, one from the
solid phase to a hexatic phase and the other from the hexatic
phase to the liquid phase9. Although the KTHNY theory seems
rather appealing and general, it is still controversial whether the
KTHNY theory provides the only mechanism of the melting in two
dimensions9,10. Here we present simulation results supporting the
possibilitythatasolidliquidphasetransitionofwaterinquasi-two-
dimensions may occur through both first-order and continuous
phasetransitions,dependingonthedensityorpressure.
We carry out extensive molecular dynamics simulations of the
TIP5P model11 of N D 256 water molecules confined between
two unstructured and smooth hydrophobic plates (see ref. 12
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for detailed simulation descriptions). We choose the separation
H D0:8nmbetweentwoparallel(LL)platestocontainmaximally
two layers of water molecules, so that confinement effects on
water are extremely strong. We use the linear size of the plate
from L D 32:01Å up to L D 42:70Å, depending on the density
. The waterwall interactions are modelled by a 93 Lennard-
Jones potential, which is commonly used to represent the effective
interactions of water molecules with the confining surfaces13,14. In
molecular dynamics simulations we adopt the constant molecule
number, volume and temperature (NVT) ensemble with periodic
boundary conditions in the parallel (x and y) directions, and
analyse wide ranges of  from 0:81gcm 3 up to 1:45gcm 3 and
the temperature T from 300K down to 230K. We carry out
molecular dynamics simulations for 1060ns, depending on T and
. To confirm the results of NVT ensemble simulations, we also
carry out molecular dynamics simulations on the NPxyT ensemble,
where Pxy is the pressure in the direction parallel to the plates.
We present the results of NPxyT ensemble simulations in the
Supplementary Information.
Figure 1 shows the potential energy U as a function of T
for various densities. For a range of constant density paths from
 D 0:99gcm 3 up to 1:28gcm 3, as T decreases, we find large
drops in U (56kJmol 1). The temperature range in which the
drop occurs depends on the density. Such a sudden drop in U
is consistent with the presence of a first-order phase transition
between liquid and solid at the temperature T0 of the drop15,16.
For   1:33gcm 3, on the other hand, the sharp drop suddenly
disappears and U decreases gradually as T is lowered to 230K.
It is of interest to compare the two cases,  D 1:33gcm 3 and
1:30gcm 3. Whereas the two exhibit the same behaviour at
temperatures T D300K down to 260K, different behaviours begin
to develop for T  250K. For a continuous drop of U for
 1:33gcm 3, there are three possible explanations. One is that
water remains in the liquid state from T D 300K down to 230K,
so that there is no sudden drop in U. Another is the existence of
a weak first-order phase transition between liquid and solid, where
the drop is too small to measure in our simulations. The third is
the presence of a continuous phase transition at some temperature
between 300K and 230K. In the last two cases there would exist
a critical density c between 1:30gcm 3 and 1:33gcm 3, above
whichthephasetransitionbecomes(quasi-)continuous.
To determine which scenario is correct, we first consider the
lateral oxygenoxygen radial distribution function (RDF) gOO
xy
versus the lateral position rxy parallel to the confining plates17,
and examine explicitly how the structure of water in the parallel
direction changes. For  D 1:28gcm 3, we observe characteristic
features of liquid and of solid in Fig. 2 at high and at low
temperatures, respectively. At T D280K, the RDF exhibits typical
liquid behaviour, which consists of a pre-peak representing a
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Figure 1jDiscontinuous versus continuous behaviour of potential energy below and above the critical density. a,b, Potential energy U as a function of
temperature T for densities  D1:30gcm 3 and below (a) and densities  D1:33gcm 3 and above (b). At density  D1:16gcm 3, on cooling from
T D300K, there is a sudden drop (6kJmol 1) in U across the transition temperature T0 between 280K and 270K, which manifests a ﬁrst-order phase
transition between solid and liquid. Such transition behaviour persists up to  D1:30gcm 3, although the drop in U is reduced (3kJmol 1) with its
location T0 depending on the density. When  reaches 1:33gcm 3, however, there is no sharp drop and U decreases gradually as T is lowered down to
230K. We thus suggest that as the density is raised, the nature of the phase transition might change from a ﬁrst-order transition to a continuous one at the
critical density c, located between 1:30gcm 3 and 1:33gcm 3.
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Figure 2jLateral oxygen–oxygen RDF gOO
xy and TDP z at various temperatures. a, The RDF at density  D1:28gcm 3 (<c) exhibits characteristic
features of liquids and of solids, respectively, depending on temperature T. When T is varied across 270K and 280K, the RDF changes abruptly, indicating
a ﬁrst-order transition between liquid and solid. b, The RDF at  D1:33gcm 3 (>c), unlike that for  <c, varies continuously rather than abruptly over
the entire temperature range. At T D230K, it exhibits long-range order, corresponding to the crystalline order. As T is raised, the long-range order of the
RDF becomes faint, turning into liquid-like disorder. c, The TDP at  D1:28gcm 3 also exhibits the abrupt change of the structure seen for the RDF at the
same temperature between 270K and 280K. This indicates that the structural change occurs discontinuously in the direction both parallel and
perpendicular to the conﬁning surfaces. d, At  D1:33gcm 3, the TDP varies gradually with T, which is again consistent with the structural change
observed in the RDF. Accordingly, behaviours of both the RDF and the TDP support the scenario that the phase transition between liquid and solid changes
from a ﬁrst-order transition to a continuous one, as  is increased above c.
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Figure 3jTwo different ice structures below and above the critical
density. a,b, Snapshots of the top view of two different phases of solid
water at T D240K with  <c (a) and  >c (b). The formation of ice for
 <c is hexagonal, whereas it is rhombic for  >c.
bilayer, and the prominent first peak at rxy D 0:28nm, followed
by rapidly decaying peaks and the eventual approach to unity
indicating the disordered state12. At T D 270K, on the other
hand, the RDF exhibits long-ranged order, showing that water has
transformed to ice. The behaviour of the RDF, characteristic of
a first-order transition1, changes abruptly when the temperature
is varied across the transition temperature T0 between 270K and
280K. For the higher density  D 1:33gcm 3, the RDF at low
temperatures also shows long-ranged order, again corresponding
to ice. However, the temperature dependence of the RDF exhibits
behaviour different from that in the case of lower densities.
Instead of the abrupt disappearance of the long-ranged order
observed for  D 1:28gcm 3, the long-ranged order gradually
reduces as the temperature is raised. Such gradual (rather than
abrupt) variation of the RDF with temperature, which persists at
higher densities (  1:33gcm 3 > c), illustrates that the phase
changes continuously, in contrast with the case of lower densities
(  1:30gcm 3 < c) exhibiting a discontinuous phase change.
Therefore, the RDF results suggest that the nature of the phase
transition between solid and liquid changes across the critical
density  D c, where 1:30gcm 3 < c < 1:33gcm 3. Note that
ice formations for  < c and  > c are different. For  > c ice
structure is rhombic, whereas for  < c it is hexagonal (Fig. 3).
t (ps)
300 K
270 K
250 K
240 K
 
x
y
 
(
n
m
2
)
10¬1
10¬2
10¬3
100
10¬1 100 101 102 103
Δ
Figure 4jLog–log plot of the time evolution of the lateral MSD xy at
several temperatures and density D1:33gcm 3 (>c).
At temperatures T D300K down to 250K, the MSD, starting from the
ballistic regime (/t2), eventually reaches the diffusive regime (/t) in the
long time t. The plateau between the two regimes, observed at low
temperatures, arises from the cage effect. We thus conclude that the MSD
exhibits typical liquid behaviour. At T D240K, in contrast, the evolution of
the MSD is almost ﬂat and exhibits large ﬂuctuations, indicating that water
has turned into ice. The diffusion constant D, calculated from the MSD,
takes the values 5:710 6 cm2 s 1, 1:310 6 cm2 s 1 and
2:210 7 cm2 s 1 at T D300K, 270K and 250K, respectively, whereas at
T D240K it is given by 5:210 9 cm2 s 1.
During slow cooling and heating processes, we also find that U
shows a hysteresis loop for  <c but rather a continuous change
without a hysteresis loop for  >c, supporting two different phase
transitions(seetheSupplementaryInformation).
To confirm the presence of two different solidliquid phase
transitions, we next examine the structural change of water in the
transverse (confining) direction. The difference in the structural
behaviour for  < c and for  > c is revealed in the transverse
densityprofile(TDP)z versustheconfiningcoordinatez (ref.17).
In Fig. 2, the TDP for  D 1:28gcm 3 (<c) exhibits big jumps
in the two peaks at T T0 between 270K and 280K. Namely, the
structure in the direction perpendicular to the confining surfaces
also changes discontinuously at T DT0. For  D1:33gcm 3 (>c),
on the other hand, the two peaks of the TDP do not show
any appreciable jumps with temperature; instead the TDP varies
gradually with T, similar to the RDF for  > c. These consistent
behaviours of the RDF and the TDP support our hypothesis that
the nature of the phase transition between solid and liquid changes
as  is varied across c. From the NPxyT simulations for Pxy < Pc
and Pxy >Pc (where Pc is the critical lateral pressure), we find that
 changes discontinuously by crossing a transition line for Pxy <Pc.
In contrast, it changes continuously for Pxy >Pc, manifesting two
differentphasetransitions(seetheSupplementaryInformation).
Wefurtherprobethedynamicalpropertiesfor >c,whichare
convenientlycharacterizedbythelateralmean-squaredisplacement
(MSD) xy(t)  hTrxy(t) rxy(0)U2i (ref. 17). Figure 4 shows the
mobilitydifferencebetweenliquidandsolid,measuredbytheMSD
as a function of time t, for density  D 1:33gcm 3 at various
temperatures. At T D 300K, the MSD, starting initially from the
ballistic regime (/t2), finally reaches the diffusive regime (/t).
This behaviour persists down to T D250K, which suggests a liquid
phase, although the slope of the MSD continues to decrease as T is
lowered.AtT D240K,theMSDremainsalmostflat(constant)with
time, indicating that water has frozen to ice. Although the mobility
at temperatures from 300K down to 250K is distinguishable from
that at T D 240K, it varies in a continuous way; the slope of the
MSD for the liquid approaches continuously the slope for the
solid. Such continuity is not observed in the case of a first-order
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Figure 5jSchematic phase diagram of conﬁned water in the
density–temperature (–T) plane, estimated from behaviours of the
potential energy, RDF, TDP and MSD. Whereas at low densities conﬁned
water undergoes a phase transition between solid (green circles) and liquid
(yellow circles) phases by crossing a ﬁrst-order line, the phase changes
rather continuously for  exceeding c. Accordingly, the ﬁrst-order
transition line (represented by the black solid line) continues to a
continuous transition line (the blue dashed line), and there is a connection
point between two transition lines (the red bullet). The connection point is
located in the ranges of density 1:30gcm 3 <c <1:33gcm 3 and of
temperature 240K<Tc <250K, whereas the location of a transition line
has an uncertainty 1T 5K and 1 0:05gcm 3. In the –T phase
diagram, a ﬁrst-order phase transition should be represented by a region of
the two-phase coexistence. However, the ﬁnite size of the system and the
choice of the NVT ensemble apparently lead the coexistence region to be
narrow, so that the coexistence region here appears as a line. Here,  in the
NVT ensemble plays almost the same role as P in the NPT ensemble. Two
ice phases have different symmetries and are thus separated by a phase
boundary (denoted by a green solid line).
transition. It has been shown that the diffusion constant D, which
isrelatedtotheslopeofMSDthroughEinstein'srelation17,changes
abruptly when the first-order transition line is crossed18. For
ice, D  10 10 cm2 s 1, whereas for liquid water D  10 5 cm2 s 1
(refs 2,12,16,18,19). Therefore, the mobility can serve as a good
measure of a phase transition20 and provides further evidence for
the existence of both the solid and the liquid phases separated by a
(continuous) phase transition for  >c. Such continuous freezing
has been experimentally observed in diffraction measurements of
water inside cylindrical nanopores21.
In addition to the well-known liquidvapour critical point,
another critical point of the liquidliquid phase transition has been
found in simulations of water22. As for phases of solid and liquid,
however, a symmetry argument forbids the presence of a solid
liquid critical point in bulk water1. For confined water, noteworthy
in the limit of high density are the layering effects, which arise
from confining boundary conditions17,23. Layering, observed in the
TDP for high densities, in general hinders water molecules from
leaving the layer and facilitates them to form a relatively ordered
structure compared with typical liquid water. As T is subsequently
lowered, water is expected to freeze without changing its relatively
ordered structure, so the structure of liquid water should be similar
to that of ice2. As a quasi-two-dimensional system, monolayer
water may not be expected to show a continuous transition at high
pressures,becausethefreezingofmonolayerwaterathighpressures
isgenerallycoupledtoafirst-orderbucklingtransition12,18.
In the case of water in a quasi-two-dimensional hydrophobic
nanoporeslit,wehavefoundthatthefirst-ordertransitionlinemay
connect with a continuous transition line (see Fig. 5), instead of
terminating at the critical point. The resulting connection point
between the two transition lines is located at 1:30gcm 3 < c <
1:33gcm 3 and 240K < Tc < 250K. This is in contrast to the
quasi-one-dimensional system of water inside carbon nanotubes,
where the first-order transition line terminates at a solidliquid
critical point2, and beyond the point it seems that one phase can
deform continuously to the other without crossing a transition
line, similarly to the case of a liquidvapour critical point1,2.
Even in three dimensions there is a simulation result reporting
evidence for a solidliquid critical point in a simple monatomic
system24. Recall that the mobility of water molecules presented
in Fig. 4 seems supportive of the existence of a continuous phase
transition at high densities. Such a continuous transition was also
observedbetweentheliquidandthehexaticphaseinamonolayerof
Lennard-Jones fluids inside a quasi-two-dimensional pore slit25. In
addition,simulationsofatwo-dimensionalsystemwithshort-range
attractive interactions revealed a solidsolid critical point that
terminatesafirst-ordertransitionlinebetweentwosolids26.
Whereas for liquid water unstructured walls in general repro-
duce the same results as atomic and structured walls27, this is not
clear for a solidliquid phase transition. In view of the fact that
the phase transition in confined water is surface-induced28, it is
likely that the nature of confining walls should affect the freezing
mechanism of water. In particular, in the search for a continuous
solidliquid phase transition, hydrophobicity of surfaces might be
crucial, as both in experiments29 and in simulations16 freezing has
not been observed for water confined in hydrophilic environments.
Althoughourfindingisconsistentwithanumberofexistingresults
in(quasi-)twodimensions,wedonotexcludethepossibilityoffirst-
order phase transitions at high densities rounded off by finite-size
effects. Concerning experimental evidence, the recent report of ice
at room temperature formed from nanoconfined water30, as well as
themeasurementofwaterinsidenanopores21,isencouraging.
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